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Summary.  Irradiation  of  the  neonatal  rat  hippocam¬ 
pus  reduces  the  proliferation  of  granule  cells  in  the 
dentate  gyrus  and  results  in  locomotor  hyperactivity, 
behavioral  perseveration  and  deficits  on  some 
learned  tasks.  In  order  to  address  the  role  of  changes 
in  stimulus  salience  and  behavioral  inhibition  in 
animals  with  this  type  of  brain  damage,  irradiated 
and  normal  rats  were  compared  in  their  startle 
reactions  to  an  acoustic  stimulus.  A  portion  of  the 
brain  of  10  rats  was  exposed  to  a  fractionated  total 
dose  of  13  Gy  during  the  first  16  days  post  partum. 
This  procedure  produced  selective  hypoplasia  (91  Cf 
reduction)  of  the  granule  cells  in  the  hippocampal 
dentate  gyrus.  Other  rats  (N  =  10)  were  sham 
irradiated.  Sudden  tones  were  presented  to  each 
adult  rat  at  a  rate  of  1  every  30  s  (spaced  trials) 
during  an  initial  10-min  session  and  1  every  15  s 
(massed  trials)  during  a  subsequent  session.  Irradi¬ 
ated  rats  startled  with  a  consistently  higher  amplitude 
than  controls  and  were  more  likely  to  exhibit  startle 
responses.  These  animals  with  hippocampal  damage 
also  failed  to  habituate  to  the  startle  stimulus  and. 
under  certain  circumstances,  showed  potentiated 
startle  responses  after  many  tone  presentations. 

Key  words:  Startle  -  Hippocampus  -  Dentate  gyrus  - 
Granule  cells  -  Radiation 


Introduction 

The  startle  response  consists  of  a  characteristic 
sequence  of  rapid  muscular  contractions  beginning  at 
the  mouth  and  sequentially  involving  the  neck, 
forelegs  and  finally  the  whole  body  (Landis  and  Hunt 
1939).  Analyses  of  movements  associated  with  startle 
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are  being  used  increasingly  in  the  study  of  human 
behavior  (Wilkins  et  al.  19X6)  and  the  behavior  of 
other  animals  (Eaton  19X4).  Although  the  acoustic 
startle  response  is  a  relatively  simple  behavior,  its 
sensitivity  to  a  variety  of  experimental  treatments  has 
made  it  an  important  tool  in  pharmacology  and 
toxicology  (for  review  see  Eaton  19X4).  In  particular, 
brain  mechanisms  of  sensation,  learning  (habitua¬ 
tion,  sensitization),  memory  and  movement  are 
being  elucidated  through  measures  of  startle  (Davis 
1984). 

The  neurons  that  comprise  the  primary  acoustic 
startle  circuit  reside  entirely  w'ithin  the  brain  stem 
(Davis  19X4).  However,  the  nature  of  the  extrinsic 
neural  systems  that  modulate  acoustic  startle  is  not  so 
well  understood.  Since  the  hippocampus  has  long 
been  known  to  play  a  role  in  response  inhibition 
(Douglas  1967;  Kimble  196X;  Altman  et  al.  1973)  it  is 
likely  that  this  structure  also  influences  startle 
responding  In  support  of  hippocampally  mediated 
behavioral  inhibition  other  investigators  have 
reported  excitatory  behaviors  after  hippocampal 
lesions.  For  example,  rats  with  hippocampal  lesions 
exhibit  locomotor  hyperactivity  (Teitelbaum  and 
Milner  1963;  Means  et  al.  1971 ). response  persevera¬ 
tion  (Isaacson  1974).  facilitated  acquisition  of  active 
avoidance  (Isaacson  et  al.  1961)  and  impaired  per¬ 
formance  on  passive  avoidance  tasks  (Blanchard  and 
Fial  1968;  Isaacson  and  Wickelgren  1962).  More- 
selective  hippocampal  lesions  of  CA3  have  also  been 
reported  to  produce  hyper-reactivity  to  sensory- 
stimulation  (Handelmann  and  Olton  1981).  Still,  the 
function  of  the  hippocampus  in  startle  responding  is 
controversial.  Some  authors  (Groves  et  al.  1974; 
Leaton  1981)  have  reported  that  lesions  of  the 
hippocampus  do  not  consistently  alter  startle,  while 
others  (Coover  and  Levine  1972)  have  found 
increased  acoustic  startle  after  surgically  induced 
hippocampal  damage. 
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Bayer  et  al.  (1973)  have  identified  a  number  of 
similarities  between  the  behavioral  deficits  observed 
in  rats  with  selective  hippocampal  granule  cell  lesions 
and  the  behavioral  dysfunctions  found  after  hippo¬ 
campectomy.  This  is  not  totally  surprising  since  the 
perforant  path  (from  the  entorhinal  cortex  to  the 
granule  cells  of  the  dentate  gyrus)  provides  one  of 
the  major  inputs  to  the  hippocampus  (O’Keefe  and 
Nadel  1978).  Lesions,  specific  to  the  granule  cells, 
effectively  reduce  the  targets  of  these  entorhinal 
cortex  neurons,  significantly  limit  hippocampal  at’fer- 
ents  and  disrupt  a  variety  of  hippocampal  functions 
(Brunner  and  Altman  1974;  Altman  1986;  Wallace 
and  Altman  1970a,  b). 

In  the  present  experiment  we  produced  granule 
cell  hypoplasia  in  the  fascia  dentata  by  partial-head 
X-irradiation  of  neonatal  rats  (Bayer  and  Peters 
1977).  In  order  to  address  the  role  of  stimulus 
salience  and  behavioral  inhibition  in  animals  with 
these  selective  hippocampal  lesions,  irradiated  and 
normal  adult  rats  were  compared  in  their  startle 
reactions  to  an  acoustic  stimulus. 


Material  and  methods 

lime  pregnam  female  Crl  :  CD(SD)BR  rats  were  purchased  from 
Charles  River  Laboratories.  Kingston.  NY.  for  these  experiments. 
Pregnant  rats  were  quarantined  on  arrival  and  screened  for 
evidence  of  disease.  Upon  release  from  quarantine,  they  were 
maintained  in  a  facility  accredited  by  the  American  Association  for 
Accreditation  of  Laboratory  Animal  Care  (AAALAC).  Subjects 
were  housed  in  Micro-isolator  cages  on  hardwood  chip  contact 
bedding  and  provided  with  commercial  rodent  chow  and  acidified 
water  ad  libitum  (Weisbroth  1979).  Animal  holding  rooms  were 
maintained  at  19-21°  C  with  SOT  ±  10 r/r  relative  humidity  using 
at  least  10  air  changes  per  hour  of  1  (X) r/t  conditioned  fresh  air.  The 
rats  were  on  twelve  hour  light/dark  full-spectrum  lighting  cycle 
with  no  twilight.  On  the  day  of  birth,  litters  were  culled  to  include 
only  males.  Neonatal  subjects  were  then  randomly  assigned  to 
cither  the  X-irradiated  or  the  sham-irradiated  (control)  conditions, 
'lhe  sham-irradiated  control  rats  were  restrained  under  lead 
shielding  in  the  same  manner  as  the  irradiated  animals  (see  below) 
but  were  not  exposed  to  X  rays.  Following  weaning  (at  24-30  days) 
rats  were  individually  housed. 

Portions  of  the  brains  of  the  experimental  rats  were  exposed 
to  2.0  Gy  X  rays  on  postnatal  days  1  and  2.  and  to  1 .5  Gy  on  days 
5.  7,  9.  12.  14,  and  16.  X  irradiation  was  delivered  at  a  rate  of  0.49 
Gy/minute  at  a  depth  of  2  mm  in  tissue.  The  radiation  source  was  a 
Phillips  Industrial  300-kvp  X  ray  machine  (Phillips  Inc.  Mahwah. 
N.J.)  configured  with  1.5  mm  of  copper  filtration.  The  half-value 
layer  was  2.5  mm  copper.  Doses  were  determined  by  using 
Exradin  0.05  cc  tissue  equivalent  ion  chambers  with  calibration 
traceable  to  the  National  Bureau  of  Standards.  Following  a 
procedure  similar  to  that  developed  by  Bayer  and  Peters  (1977) 
collimated  X  rays  were  delivered  dorsally  (in  the  coronal  plane)  to 
those  areas  of  the  brain  previously  determined  to  contain  the 
hippocampus.  The  X-ray  exposure  occurred  through  a  slot  in  a 
whole-body  lead  shield.  The  slot  width  ranged  from  7-12  mm 
(measured  in  the  anterior/posterior  plane)  in  order  to  accomodate 
the  growth  of  the  head/brain  over  the  course  of  the  radiation 


treatments.  The  entire  anterior  posterior  extent  ol  the  hippocam¬ 
pus  was  irradiated  as  were  brain  areas  dorsal  to  and  ventral  to  this 
structure  (Paxinos  and  Watson  1982).  Brain  areas  anterior  and 
posterior  to  the  slot  were  shielded. 

Despite  the  fact  that  much  of  the  neonatal  rat  brain  was 
exposed  to  X  rays,  only  the  precursors  of  the  granule  cells  in  the 
dentate  gyrus  were  permanently  altered  by  this  procedure  (Hicks 
1958:  Bayer  and  Peters  1977).  Most  of  the  rat  brain  develops 
prenatallv.  At  the  time  of  our  radiation  exposures  the  brain 
contains  only  3  populations  of  dividing  (and  therefore  radiosensi¬ 
tive)  neuronal  precursors:  the  granule  cells  of  the  hippocampus, 
cerebellum  and  olfactory  bulbs  (Bayer  et  al.  1973:  Bayer  and 
Altman  1975).  Through  our  shielding  we  protected  two  of  these 
neuronal  precursor  populations  (in  the  cerebellum  and  olfactory 
bulbs).  Our  X  rays  hit  only  the  mitotic  (radiosensitive)  granule 
cells  of  the  dentate  gyrus  and  the  mature  neurons  (that  are 
radioresistant,  see  Cassaret  1980;  Hicks  and  D'Amato  1966)  in 
other  brain  structures  residing  in  the  same  coronal  plane  as  the 
hippocampus.  This  procedure  produces  selective  hypoplasia  of 
granule  cells  in  the  dentate  gyrus  while  sparing  other  brain 
structures.  The  technique  has  been  validated  through  a  variety  of 
neuroanatomical  methods  (Hicks  1958;  Bayer  and  Altman  1975: 
Zimmer  et  al.  1985)  including  the  ones  reported  here  (sec  below). 

Acoustic  startle  was  measured  on  a  Columbus  Instrument's 
(Columbus.  OH)  Responder  IV  within  a  sound-attenuating 
chamber  (Model  E 10-20.  Coulbourn  Instruments,  Lehigh  Valley. 
PA).  The  startle  apparatus  consisted  of  a  ( 15  x  30  cm)  metal  plate 
mounted  on  load  cells  allowing  a  measurement  ("amplitude "  of 
response)  directly  proportional  to  a  sudden  force  applied  to  the 
plate.  The  rat  to  be  tested  was  placed  in  a  transparent  plastic  box 
(10  x  12  x  22  cm)  with  a  perforated  lid.  The  rat  could  sit  in  the 
box  without  touching  the  top  or  sides  of  the  container.  Subjects  did 
not  locomote  within  the  startle  chamber.  The  box  was  set  on  the 
sensing  plate  2  cm  beneath  a  speaker  from  which  a  10  ms  acoustic 
stimulus  (90  dB.  SPL;  10  kHz)  was  presented. 

An  equal  number  of  experimental  (N  =  10)  and  control  (,V  = 
10)  rats  were  selected  from  the  same  litters  and  allowed  to  mature 
(mean  age  =  210  days;  SD  =  39).  Before  behavioral  testing, 
subjects  were  matched  for  weight  (irradiated  rat  mean  =  656  g. 
SD  =  36:  control  rat  mean  -  684  g.  SD  =  28).  Each  rat  was 
placed  in  the  plastic  chamber  which  was  then  set  immediately  on 
the  sensing  plate  of  the  startle  apparatus.  During  the  first  session 
(spaced  trials)  the  sound  pulse  was  presented  every  30  s  for 
10  m in.  During  the  second  session.  4  days  later  (massed  trials),  the 
stimulus  was  presented  every  15  s  for  the  10  min.  Relative 
amplitude  measurements  were  recorded  after  each  trial.  The 
sensitivity  on  the  startle  appara'us  was  set  at  0.5  ( 5 c'r  of  full  scale) 
with  a  sampling  window  of  50  ms  following  stimulus  onset. 
Movements  were  not  recorded  as  a  "startle"  if  they  failed  to  be 
detected  within  these  measurement  parameters.  Output  linearity 
and  stability  were  confirmed  by  recording  output  amplitudes  after 
dropping  small  weights  (5  to  35  g)  from  2  cm  to  the  sensor  plate, 
or  by  dropping  a  40  g  mass  0.6  cm  to  the  plate  when  it  was  loaded 
with  550  to  1250  g  of  dead  weight.  The  mean  startle  amplitude 
recorded  for  the  20  subjects  was  548;  this  was  equivalent  to 
dropping  a  17  g  weight  2  cm  to  the  non-loaded  sensor  plate. 

Using  irradiation  procedures  similar  to  ours.  Bayer  and  Peters 
(1977)  have  previously  determined  that  X  irradiation  destroys 
approximately  859f  of  the  granular  cells  in  the  dentate  gyrus  of  the 
hippocampus  while  sparing  adjacent  structures  (Bayer  et  al.  1973). 
After  behavioral  testing  our  rats  were  anesthetized  and  perfused 
with  heparinized  saline  followed  bv  10rr  buffered  formalin.  Brains 
were  embedded  in  paraffin,  serially-sectioned  (6  p)  (in  either  the 
coronal  or  sagittal  plane)  and  then  stained  with  cresyl  violet  and 
luxol  fast  blue  (LaBossicre  1976).  All  brains  were  viewed  to 
confirm  radiation-induced  changes  in  the  hippocampus.  In  addi¬ 
tion,  irradiated  and  sham-irradiated  brains  were  selected  at 
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Table  I.  Histological  data  derived  from  analysis  of  sagittal  sections  of  hippocampus 


Irradiated  (,V  =  9) 

Sham  Irradiated  (,V  =  6) 

"<  of  control 

Number  of  dentate  granule  cells 

177.2  (27. 9)-’ 

1966.2  ( 122)'’ 

9  r; 

Dentate  area  [sq  mmj 

0.4  (0.06)' 

2.1  (0.02) 

19'; 

Density  of  dentate  granule  cells  [/sq  mm| 

472.5  (43.8)' 

971.3  (56.2) 

48'  ( 

Thickness1  of  dentate  granule  cell  layer 

3.5  (0.2V 

8.1  (0.5) 

43'; 

Thickness1  of  CAI  pyramidal  cell  layer 

2.8  (0.2) 

2.8  (0.2) 

HH)'-; 

*  Difference  from  sham-irradiated  P  <  0.001 
b  Numbers  are  means  with  SEM  in  parentheses 
1  Number  of  cells 


random  for  a  further  cell-counting  analysis.  One  or  two  sections 
from  each  brain  were  selected  for  this  review.  Sagittal  sections 
(used  to  count  granule  cells  in  the  olfactory  bulb,  hippocampus 
and  cerebellum)  were  1.9  mm  lateral  from  the  midline.  Coronal 
sections,  used  to  count  hippocampal  and  cerebellar  granule  cells, 
were  3.3  mm  and  11.8  mm  posterior  to  bregma,  respectively 
(Paxinos  and  Watson  1982).  We  counted  total  granular  cells  in  the 
dentate  gyrus.  Using  an  imaging  system  (Bioquant  System  IV. 
R&  M  Biometrics.  Inc..  Nashville.  TN)  we  also  derived  the  area  of 
the  dentate  gyrus,  computed  the  cellular  density  of  the  structure 
and  the  thickness  of  the  granule  cell  layer.  In  order  to  confirm  that 
the  shielding  of  other  brain  areas  was  sufficient,  we  also  counted 
granule  cells  in  a  0.(X)4  mnr  area  in  the  cerebellum  and  olfactory 
bulb  and  measured  the  area  of  the  entire  cerebellum.  Further,  we 
evaluated  the  sparing  of  other  more-mature,  and  therefore  less- 
radiosensitive,  hippocampal  structures  by  counting  the  thickness 
of  the  CAI  pyramidal  cell  layer  that  was  dorsal  to  the  dentate  and 
directly  in  the  path  of  the  X  radiation.  Unless  otherwise  stated, 
statistical  analyses  of  histological  findings  used  data  from  the 
sagittal  sections  (see  Table  1). 

Results 

Our  histological  and  behavioral  data  suggest  that 
hippocampal  granule  cell  hypoplasia  enhances  startle 
amplitude  and  frequency  and  limits  startle  habitua¬ 
tion. 

Exposure  of  the  neonatal  rat  hippocampus  to 
ionizing  radiation  produced  a  significant  [t(6)  =  14.3, 
P  <  0.001]  depletion  of  dentate  granule  cells 
(Table  1,  Fig.  1).  This  damage  was  fully  quantified 
only  in  the  brains  randomly  selected  for  cell  counting 
but  was  easily  observed  in  all  irradiated  brains. 
Similarly,  both  the  areas  and  the  granule  cell 
densities  of  the  irradiated  dentate  gyri  were  signifi¬ 
cantly  reduced  compared  to  those  of  the  control  rats 
[t(  1 3)  =  11.0,  P<  0.001  and  t(  13)  =  7.1,  P<  0.001. 
respectively].  The  specificity  of  this  damage  is  illus¬ 
trated  by  the  sparing  of  the  post-mitotic  pyramidal 
CA1  neurons  that  were  directly  in  the  path  of  the  X 
ravs.  Irradiation  produced  no  change  in  the  thickness 
of  the  CAi  pyram'dal  cell  layer,  yet  the  thickness  of 
the  dentate  granule  cell  iayer  was  significantly 
reduced  [t(  13)  =  9.4,  P  <  0.001).  The  granule  cell 
populations  (i.e. .  number  of  cells/unit  area)  of  the 


olfactory  bulb  and  the  cerebellum  were  not  signifi¬ 
cantly  altered  by  the  irradiation  although  there  was  a 
slight  trend  toward  more  cells  in  these  structures  in 
irradiated  rats.  Further,  exposure  to  ionizing  radia¬ 
tion  did  not  change  the  total  area  of  the  cerebellum 
when  measured  in  coronal  section.  These  data  sug¬ 
gest  that  the  shielding  of  the  olfactory  bulb  and 
cerebellum  during  the  irradiation  treatment  was 
effective. 

Although  there  were  different  cell  counts  associ¬ 
ated  with  the  coronal  and  sagittal  planes  of  section, 
the  histological  data  derived  from  sections  in  either 
of  these  planes  generally  suggested  identical  conclu¬ 
sions.  However,  when  we  used  sagittal  sections  to 
determine  the  total  area  of  the  cerebellum,  this 
analysis  revealed  a  radiation-induced  reduction  in 
overall  cerebellar  size  ft(  13)  =  2.7.  P  <  0. 1]  whereas 
the  review  of  the  coronal  sections  did  not  indicate 
this  difference.  This  fact,  in  itself,  is  not  remarkable 
since  others  (Bayer  and  Altman  1975),  have  reported 
different  results  from  measures  of  hippocampal 
anatomy  depending  on  the  plane  of  the  brain  section 
analyzed.  The  cerebellum  was  shielded  during  irradi¬ 
ation,  the  density  of  the  granule  cells  present  was 
normal  and  the  organization  of  cells  within  this 
structure  did  not  resemble  that  reported  to  occur 
when  this  brain  area  is  exposed  to  ionizing  radiation 
(Brunner  and  Altman  1974;  Altman  1986).  Further, 
a  reduction  in  cerebellar  height  (in  the  coronal  plane) 
has  been  observed  in  -  .vith  radiation-induced 
cerebellar  damage  (Aitm;’  al.  1968)  but  was  not 
present  in  our  subjects,  it  i  ,ay  be  that  reduced 
cerebellar  size  in  the  sagittal  plane,  but  not  the 
coronal  plane,  is  due  to  overall  cranial  shortening 
since  even  partial  head  irradiation  can  reduce  bone 
growth  (both  within  and  outside  the  head)  (Mosier 
and  Jansons  1970). 

Although  the  origin  of  the  singular  cerebellar 
change  reported  here  is  currently  unclear,  cerebellar 
damage  probably  played  a  negligible  role  in  the 
production  of  the  behavioral  results  reported  below. 
There  is  a  dissimilarity  between  the  behaviors  charac- 


Fig.  1.  Sagittal  sections  of  hippocampus  from  cither  an  irradiated  (A,  B)  or  sham-irradiated  control  rat  (C.  D).  Neonatal  exposure  to 
X  rays  (using  a  procedure  similar  to  that  of  Bayer  and  Peters  1977)  produced  a  significant  reduction  in  size,  cell  number,  and  thickness  of 
the  granule  cell  layer  of  the  dentate  gyrus  (arrow)  while  sparing  other  adjacent  brain  structures.  Enlargements  (B.  D)  show  the  apex  of  the 
dentate  gyrus  from  the  brain  section  directly  above 


teristic  of  cerebellar  and  hippocampal  damage.  For  enhanced  startle  in  subjects  with  hippocampal  dam- 

example,  locomotor  hypoactivity,  observed  in  rats  age  we  performed  an  analysis  of  covariance  which 

with  radiation-induced  cerebellar  damage  (Wallace  adjusted  for  the  weight  of  the  subjects.  Within  this 

and  Altman  1970  a,  b;  Brunner  and  Altman  1974)  analysis,  it  was  clear  that  the  mean  startle  responses 

was  not  seen  in  rats  with  the  same  brain  lesions  as  exhibited  by  irradiated  rats  were  significantly  higher 

those  reported  here  (Mickley  et  al.  1989).  during  both  the  first  [F(  1,17)  =  7.817,  P  =  0.012] 

Acoustic  startle  was  markedly  enhanced  in  sub-  and  second  [F(  1,17)  =  7.452,  P  =  0.014]  test  ses- 

jects  with  radiation-induced  hippocampal  damage  sions.  Further,  when  we  adjusted  the  data  for  the 

(see  Fig.  2).  This  increase  in  amplitude  occurred  effect  produced  by  the  irradiation  treatment  it  was 

within  spaced  trials  (tone  presented  each  30  s  during  apparent  that  heavier  animals  tended  to  have  consist- 

the  first  session)  [Mann-Whitney  U(150,  158)  =  ently  higher  startle  responses:  (session  1:  F(  1 , 1 7)  = 

14981,  P  <  0.001]  and  within  massed  trials  (tone  8.356,  P  =  0.01;  session  2:  F(l,  17)  =  8.699, 

presented  each  15  s  during  the  second  session)  P  =  0.009],  Although  animal  weight  can  influence 

[U(  123,  198)  =  16031,  P  <  0.001],  acoustic  startle  measurements,  our  observation  that 

Rats  in  the  experimental  and  control  groups  were  startle  is  enhanced  in  rats  with  hippocampal  damage 

matched  for  body  weight  in  order  to  attenuate  any  was  not  confounded  by  this  variable, 
bias  that  this  factor  might  have  on  the  startle  The  apparent  decline  in  acoustic  startle  (Fig.  2) 

measure.  However,  in  order  to  confirm  our  results  of  between  the  first  and  second  halves  of  session  1 
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Fig.  2.  Mean  amplitude  of  acoustic  startle  responses  exhibited  by 
irradiated  rats  with  hippocampal  granule  cell  hypoplasia  and 
control  rats.  Results  from  ten  trill  blocks  are  shown  for  each  of 
two  test  sessions.  In  session  1.  tone  presentations  were  spaced 
(1/30  s)  while  in  sessison  2  they  were  more  frequent  (massed  at  a 
rate  of  1/15  s).  Irradiated  rats  produced  startle  responses  of  greater 
amplitudes  than  those  of  controls.  Through  the  course  of  the 
second  session,  habituation  was  observed  in  sham-irradiated  rats 
but  not  in  rats  with  hippocampal  damage.  Dispersion  indicators 
are  the  standard  errors  of  the  means.  (*  represents  a  statistically 
significant  difference  between  the  experimental  and  control  groups 
at  a  particular  time  period.  P<  0.05.  Mann-Whitney  U) 


(spaced  trials)  was  not  statistically  significant  for 
either  experimental  or  control  animals  (Mann- Whit¬ 
ney  U).  The  responses  in  the  first  and  second  halves 
of  session  2  (massed  trials)  revealed  a  statistically 
significant  decline  in  the  startles  exhibited  by  the 
sham-irradiated  rats  [U(67,56)  =  2217,  P  =  0.04], 
However,  for  the  irradiated  rats  with  hippocampal 
damage,  not  only  did  startle  amplitude  fail  to  habitu¬ 
ate  during  the  second  session  but  there  was  a  trend 
toward  potentiation  of  this  response. 

Because  a  rapid  habituation  of  startle  in  rats  with 
hippocampal  damage  has  been  reported  (Leaton 
1981)  a  comparison  was  made  of  the  first  and  last  3 
trials  of  the  first  10  trial  block  during  each  session.  In 
the  first  session  there  was  a  decline  of  22%  in  startle 
amplitude  of  sham-irradiated  rats  [Mann-Whitney  U 
(21,26)  =  349.5,  P  <  0.05]  and  a  decline  of  8%  for 
irradiated  rats  [not  significant].  In  the  second  session 
(massed  trials)  there  was  a  52%  decline  in  startle 
amplitude  for  sham-irradiated  rats  [Mann-Whit¬ 
ney  U  (9,12)  =  96,  P  <  0.01]  and  a  25%  drop  for 
irradiated  rats  [not  a  significant  drop]. 

Not  all  tone  presentations  resulted  in  startles  (i.e. 
movements  that  met  the  criteria  established  by  our 
apparatus  settings).  During  the  first  session  (spaced 
trials)  the  irradiated  rats  tended  to  startle  more 
frequently  than  the  control  rats  but  this  difference 
was  not  statistically  significant.  During  the  second 
session  (massed  trials)  the  higher  frequency  of  startle 


was  reliable  [t(  18)  =  1.71,  P  =  0.05]  in  the  hippo- 
campally  damaged  rats. 


Discussion 

We  report  here  a  potentiation  of  the  acoustic  startle 
response  in  rats  with  radiation-induced  hypoplasia  of 
hippocampal  dentate  granule  cells.  This  observation 
was  made  during  2  test  sessions  (separated  by  4  days) 
in  which  tones  were  presented  in  either  a  spaced  (1 
per  30  s)  or  massed  (1  per  15  s)  format.  Habituation 
of  the  acoustic  startle  response  was  not  observed  in 
animals  with  hippocampal  damage. 

The  method  of  fractioned  partial-brain  x-irradia- 
tion  used  here  has  been  shown  to  produce  a  selective 
reduction  in  the  number  of  granule  cells  in  the 
dentate  gyrus  (see  present  data  and  also:  Hicks  and 
D'Amato  1969;  Bayer  and  Altman  1975;  Bayer  and 
Peters  1977).  However,  this  damage  in  the  neonatal 
hippocampus  may  also  cause  secondary  anatomical 
changes.  Zimmer  and  his  colleagues  (1985.  1986) 
have  shown  that  the  brain  may  compensate  for  this 
early  radiation-induced  damage  to  the  hippocampal 
granule  cells  by  stimulating  dendritic  growth.  Their 
results  demonstrate  that  a  reduction  of  a  specific 
neuronal  population  can  induce:  (1)  a  compensatory 
increase  in  the  neuropil  layers  containing  the 
dendrites  of  the  remaining  neurons,  (2)  a  corre¬ 
sponding  relative  increase  in  their  axonal  projec¬ 
tions,  and  (3)  a  shift  and  expansion  of  afferent 
projections  to  an  adjacent  neuronal  population. 
Thus,  although  our  hippocampal  radiation  produces 
damage  specific  to  the  granule  cells,  subsequent 
brain  changes,  in  reaction  to  this  initial  damage,  may 
produce  more-pervasive  changes  in  neuroanatomy. 
Although  these  data  reflect  changes  in  hippocampal 
afferents  and  intra-hippocampal  neuroanatomy,  the 
most  dramatic  and  direct  radiogenic  damage 
observed  in  our  experiment  can  be  found  within  the 
granule  cell  layer  of  the  dentate  gyrus. 

Some  authors  (Groves  et  al.  1974;  Leaton  1981) 
have  previously  reported  that  lesions  of  the  hip¬ 
pocampus  do  not  consistently  alter  startle,  while 
others  (Coover  and  Levine  1972)  have  found 
increased  acoustic  startle  after  this  surgery.  The 
lesion/test  interval  may  be  a  distinguishing  feature 
between  experiments  that  have  found  potentiated 
startle  amplitudes  and  those  studies  not  reporting 
these  effects  in  rats  with  hippocampal  damage. 
Enhanced  startle  has  been  found  when  there  was  a 
significant  interval  between  the  brain  lesion  and  the 
startle  test.  In  both  the  current  experiment  and  that 
of  Coover  and  Levine  (1972)  the  lesion/test  interval 
was  long  (approximately  194  and  70  days,  respec- 
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tively).  On  the  other  hand,  Leaton  (1981)  used  a 
shorter  interval  (approximately  14  days)  between 
lesioning  and  testing  and  reported  little  change  in 
acoustic  startle  after  hippocampectomy.  These 
results  parallel  other  data  suggesting  that  acute 
startle  changes  following  lesions  of  the  inferior  col¬ 
liculus  may  be  opposite  those  measured  later  (for 
review  see  Davies  1984),  Still,  a  recent  study  report¬ 
ing  an  early  enhancement  of  acoustic  startle  1  week 
after  hippocampal  damage  has  brought  into  question 
the  universality  of  this  lesion/test-latency  effect  (Til- 
son  et  al.  1987). 

Our  startle  data  also  suggest  that  the  habituation 
recorded  in  control  animals  during  the  full  course  of 
massed  tone  presentations  was  not  evident  in  irradi¬ 
ated  rats  with  hippocampal  damage.  In  fact,  experi¬ 
mental  subjects  exhibited  a  trend  toward  potentia¬ 
tion  of  their  startle  responding  in  the  second  half  of 
our  test  session.  On  the  surface  our  results  appear  to 
differ  from  those  of  Groves  et  al.  (1974)  and  Leaton 
(1981)  who  have  reported  normal  within-sessison 
startle  habituation  in  rats  with  hippocampal  damage. 
A  fine  analysis  of  the  data  helps  reconcile  these 
apparently  divergent  results.  The  habituation 
reported  by  other  laboratories  was  evident  within  the 
first  10  stimulus  presentations.  Our  startle  sensitiza¬ 
tion  required  more  than  20  trials  to  observe.  Review 
of  our  data  collected  during  the  first  10  trials  of  each 
test  session  also  revealed  a  tendency  for  sham- 
irradiated  animals  to  habituate  to  the  acoustic 
stimulus.  While  not  statistically  significant,  a  similar 
trend  was  observed  during  the  first  10  startle  trials  in 
the  irradiated  subjects  as  well.  However,  on  subse¬ 
quent  trials,  startle  amplitudes  increased  in  the 
animals  with  hippocampal  damage  while  startles  of 
control  rats  continued  to  gradually  decline  in  mag¬ 
nitude.  Independent  of  these  within-session  compari¬ 
sons,  we  also  analyzed  between-session  changes  in 
startle.  Although  a  trend  toward  a  decline  was 
observed  in  both  experimental  and  control  subjects, 
there  was  no  statistically  significant  change  in  startle 
amplitude  between  our  test  sessions.  These  data  are 
consistent  with  others  that  have  not  detected  recov¬ 
ery  of  habituated  startle  responding  between  test 
sessions  (Leaton  1981).  It  should  be  noted  that  rats 
with  radiation-induced  hippocampal  damage  readily 
exhibit  habituation  of  spontaneous  locomotion 
within  the  same  time  parameters  that  we  observed 
little  startle  habituation  (Mickley  et  al.  1989).  How¬ 
ever,  others  have  commented  that  habituation  of 
exploratory  behavior  and  habituation  of  elicited 
reflex-like  responses  depend  on  different  underlying 
mechanisms  and  that  hippocampal  lesions  do  not 
produce  general  habituation  deficits  (for  review,  see 
Leaton  1981). 


The  primary  distinguishing  features  between  the 
present  startle  study  and  others  are  the  timing, 
method  and  anatomical  result  of  the  hippocampal 
lesion  procedure.  Our  radiation-induced  hippocam¬ 
pal  lesion  was  produced  in  neonates  and  primary 
damage  was  confined  to  the  granule  cells  of  the 
dentate  gyrus.  Others  (Leaton  1981;  Groves  et  al. 
1974;  Coover  and  Levine  1972),  relying  on  aspiration 
and  electrolytic  lesion  techniques,  have  removed 
most  of  the  hippocampus  as  well  as  portions  of  the 
cerebral  cortex  of  the  adult  animal.  Using  a  third 
procedure,  additional  investigators  have  used  the 
neurotoxin  colchicine  to  produce  fairly  selective 
damage  to  the  granule  cells  of  the  adult  hippocampal 
dentate  gyrus.  With  neuroanatomical  changes  similar 
to  the  radiation-induced  damage  reported  here, 
colchicine-injected  rats  have  exhibited  a  significant 
enhancement  of  acoustic  startle  reactivity  in  one 
study  (Tilson  et  al.  1987),  but  not  in  another  that 
used  auditory  stimulus  parameters  different  from  our 
own  (Walsh  et  al.  1986).  Future  experiments  that 
systematically  manipulate  startle  parameters  as  well 
as  the  timing  and  extent  of  hippocampal  lesions  may 
further  develop  our  understanding  of  the  role  of 
hippocampus  in  startle  responding.  According  to  our 
data,  however,  the  granule  cells  of  the  hippocampus 
exert  an  inhibitory  influence  on  the  primary  acoustic 
startle  circuit  of  the  brainstem.  With  the  loss  of  this 
tonic  inhibitory  influence,  startle  responding  is  grea¬ 
ter  in  amplitude,  more  frequent  and  less  likely  to 
habituate. 
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